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SOLID-STATE LINE DISTURBANCE
CIRCUIT INTERRUPTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional application of U.S. Ser.
No. 16/093,044, SOLID-STATE LINE DISTURBANCE

CIRCUIT INTERRUPTER, filed Oct. 11, 2018 by the same
inventors and currently pending.

STAIEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable.

BACKGROUND OF THE INVENTION

Technical Field

The invention relates to a power distribution system and
in particular to a fully solid-state circuit interrupter for
disconnecting power from a distribution system to a con-
sumer load when a disturbance such as a ground fault or an
arc fault 1s detected by a proprietary fault detection proces-
sor incorporated in the interrupter.

Related Background Art

Protection of electrical supply systems 1s accomplished
primarily using fuses and circuit breakers that protect
against damage to the distribution system by excessive
currents by terminating the current flow in the event of a
short circuit or an overload condition. Secondarily, ground
tault interrupters (GFIs) are used 1n branch circuits largely
to protect consumers from electrical shock resulting from
unintended current tlow directly to ground by interrupting,
the current flow as soon as a threshold leakage current 1s
detected. More recently, arc fault interrupters (AFIs) have
been employed to reduce the hazard of structure fires that
can be started by sparks generated by electrical arc faults.

An arc fault occurs when two conductors in a circuit
become so closely spaced that electrical breakdown of the
intervening material occurs allowing current to flow inter-
mittently between the conductors. The breakdown and
resulting current flow are accompanied by extremely high
temperatures, well above the 1gnition point of typical con-
struction materials thereby presenting an immediate fire
hazard in the vicinity of the arc fault.

Arc faults that occur from line to line, line to neutral or
line to ground are termed parallel arc faults and typically
result in excessive current that trips either the circuit breaker
or the GFI device. Arc faults that occur within a line, caused,
for example, by the accidental cutting of one conductor 1n a
circuit, are in series with the load and may not be interrupted
by the circuit breaker or the GFI. Thus, more sophisticated
sensing schemes have been developed to robustly detect
series arc faults and trigger disconnection of the affected
circuit. The arc fault sensing scheme 1s further complicated
by a need to minimize false triggers caused by complex
loads like switching power supplies and dimmer circuits
which exhibit current-voltage relationships that mimic arc
taults. The sophisticated arc fault sensing schemes typically
require more complex circuitry than the simple and bulky
clectromechanical devices employed in prior art circuit
breakers and GFIs. The more complex AFI circuitry typi-
cally consists of solid-state analog and digital devices such
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2

as operational amplifiers and microprocessors. Thus, there 1s
a need for an all solid-state approach to integrating OFT and
AFI functions 1 a compact, low power iterrupter configu-
ration.

BRIEF SUMMARY OF THE INVENTION

The present invention relates to a novel approach for the
protection of electrical circuits from ground faults and
parallel and series arc faults 1n a fully solid-state circuit
configuration. Solid-state circuits are described that provide
the key functions of low-voltage DC power supply, mains
voltage and current sensing, fault detection processing and
high voltage electronic switching.

An efhicient solid-state AC to DC power conversion
system 1s described. The system and related devices address
the need for a compact, integrated, low cost design, that 1s
highly eflicient and provides access to the low voltages used
to drive typical silicon based electronic devices used in
home sensors and networking, smart cars, etc. In one
embodiment, the system includes an eflicient electronic
switch employed to disconnect the mput of a series voltage
regulator circuit from a rectified AC mains power supply to
reduce the power dissipated within the series regulator.
While the switch 1s closed, energy 1s accumulated and stored
in a shunt energy storage element. The electronic switch 1s
opened when the rectified AC mains wavelorm exceeds a
threshold value. While the switch 1s open, energy 1s supplied
to the load by the energy storage element through the
regulator circuit. In this way the benefits of the regulator
circuit accrue to the attached load circuitry while the power
dissipated within the regulator circuit 1s greatly reduced
compared to the prior art. A comparator 1s used to control the
clectronic switch. In one embodiment the comparator is
comprised of an operational amplifier and a reference volt-
age source. In another embodiment the comparator 1s com-
prised of a MOS field effect transistor. In one embodiment
the MOS field eflect transistor 1s controlled through a
voltage divider.

One embodiment uses power MOS field-eflect transistors
(MOSFETs) as electronic switches having very low “on”
resistance connected between the AC mains supply and the
desired load. Since typical power MOSFETs intrinsically
incorporate a body diode in parallel with the conducting
channel, pairs of devices are connected 1 a back-to-back
arrangement having the source terminals 1 common to
provide a truly bidirectional (AC) switch configuration. In
order to control the switching action of the power MOSFETSs
a novel tloating control circuit 1s employed that uses recti-
tying diodes connected at the drains to precharge the gate-
source bias voltage thereby turning both devices “on”, and
an optically coupled phototransistor that shorts the gate
terminals to the common source terminal to force the
devices 1nto their “off”” state when 1lluminated by an 1solated
optical source. Thus, the power MOSFET switches are
normally “on” unless forced “off” by the optical control
signal. The optical control signal can be applied continu-
ously for nominal on-off control of the power delivered to
the load, or 1t can be synchronized with the AC mains
wavelorm to provide phase control. Integrated control cir-
cuitry for the optical control signal can provide either
leading edge phase control preferred for switching reactive
loads or trailing edge phase control preferred for nonlinear
loads such as LEDs. The specific examples are not intended
to limit the mventive concept to the example application.
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Other aspects and advantages of the invention will be
apparent from the accompanying drawings and detailed

description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a block diagram showing the key elements of
the solid-state circuit interrupter.

FIG. 1B 1s a block diagram showing location of circuit
faults.

FIG. 2 1s a schematic diagram showing the functions in
the AC-DC converter circuit.

FIG. 3 1s a schematic diagram of an embodiment of the
AC-DC converter using MOS transistors.

FIG. 4 1s a schematic diagram of an embodiment of a
bidirectional switch using power MOSFETs.

FIG. 5 1s a schematic diagram of the bidirectional switch
using four switching elements to reduce total switch “on”
resistance and increase total switch “ofl” resistance.

FIG. 6 1s a schematic diagram of an embodiment of the
solid-state circuit interrupter.

FIG. 7 1s a schematic diagram showing an embodiment of
the Fault Detection Processor

FIG. 8 1s a flow chart of an embodiment of the voltage and
current anomaly detection processes.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Commonly numbered 1tems in all the Figures refer to the
same 1tem throughout the description. FIG. 1A 1s a block
diagram showing the key elements of the solid-state circuit
interrupter. AC mains 101 1s connected to load 106 through
clectronic switch unit 105. A low voltage DC power supply
102 efliciently provides power for mains voltage and current
sensing circuit 103 and the fault detection processor 104.
Sense mputs to the fault detection processor 104 are pro-
vided from the voltage and current sensing circuit 103. The
solid-state sensing circuit comprising sensors that sense the
wavetorms of the voltage and current applied to the load
circuit, and, develop proportional analog waveforms. The
fault detection processor processes the proportional analog
wavetorms and upon detection of either a ground fault or an
arc fault generates a fault output 107. Upon detection of a
tault, the Fault output 107 of the fault detection processor
104 1s latched and fed to the control mnput 108 of electronic
switch 105 which disconnects the load 106 from the mains
101 until a reset 109 1s applied to the fault detection
processor 104. In another embodiment the output voltage of
the Electronic Switch 105 can be varied through the control
circuit 108. In this embodiment upon detection of an arc
tault, the output voltage can be reduced to a value that 1s less
than a threshold for arcing yet greater than zero. Such an
embodiment allows the load circuit to continue operation at
a reduced voltage while reducing the chance for a damaging
arc. The operation at reduced voltage also allows for con-
tinued characterization of the load and mains supply circuit
to determine the location of an arc fault for subsequent
replacement or repair.

FIG. 1B shows typical locations of faults 1n a power
supply system. In one embodiment the circuit interrupter
110 1s located between the AC Mains supply 101 and the
load 106. Arc faults can be in series 114 and occur 1n both
the line 111 and neutral 112 both before 116 the circuit
interrupter and after 117 the circuit interrupter. Parallel faults
115 can occur on either side of the circuit interrupter both
between line and neutral and between line or neutral and
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ground 113. In one embodiment the circuit mnterrupter 110 1s
located between the AC Mains 101 and the load 106, such
as 1n an outlet plug. There are a plurality circuit interrupters
installed 1n the AC supply network. In one embodiment
multiple circuit interrupters are located in branches of the
AC supply network. In another embodiment (not shown) a
plurality of circuit interrupters are located 1n series in the
same branch of the AC supply network. Detection of a fault
1s based upon analysis of both the voltage and the current
associated with the fault. A plurality of fault detectors 1n
series can, based upon the current analysis determine a
location of a fault relative to the circuit interrupters.

FIG. 2 shows a schematic diagram of an improved AC-
DC converter circuit that includes the AC mains 101 and a
diode bridge 202. The wavelorm at the diode bridge 202
output 1s simply a full-wave rectified sinusoidal wavetform
that conventionally varies from OV to approximately 170V
peak for a conventional AC mains having an rms value of
120V. Note, however, that the method described below
applies to any periodic power wavelform assuming that the
numeric specifications of the aflected components are suit-
ably adjusted. Additionally, the power wavetform can include
a DC offset 11 1t 1s smaller than the reference voltage
described below.

The circuitry includes a comparator circuit 204 having 1ts
inverting input connected to the diode bridge 202 output and
a voltage reference 203 connected to 1ts non-inverting input,
wherein the comparator 204 controls a series switch 205 that
disconnects the diode bridge output from succeeding cir-
cuitry (opens switch 205) 11 the diode bridge output voltage
exceeds the reference voltage V. When the reference volt-
age V, exceeds the diode bridge output voltage then switch
205 15 closed and capacitor 206 1s charged through series
diode 207. Diode 207 keeps capacitor 206 from discharging
back through switch 205 when the diode bridge output
voltage decreases. The combination of diode 207 and
capacitor 206 form a “peak detector” circuit that stores
energy 1n each one-half of an AC mains cycle to supply to
subsequent regulator circuitry and the load 208. The voltage
across capacitor 206 need only be large enough to satisty the
energy requirement of the subsequent regulator circuitry and
load 208. The mput voltage to the series regulator 1s sig-
nificantly reduced compared to the rms value of the AC
mains. The operation of the “peak detector” circuit ensures
the peak voltage stored on capacitor 206 1s always Vg,
regardless of fluctuations in the peak voltage of the AC
mains, as long as the voltage of the AC mains remains larger
than V5. This embodiment of a switching circuit operates as
a voltage regulator circuit itself. Since the operation of
switch 205 uses negligible energy, the efliciency of the
AC-DC converter circuit shown 1n FIG. 2 1s much larger
than seen for the prior art circuits. An additional benefit 1s a
significant reduction 1n the heat generated by the circuit,
thereby reducing the operating temperature rise. Although
the comparator 204 1s a well-known analog circuit element
other analog or digital circuits could be employed to accom-
plish the desired thresholding function needed to operate
switch 205.

FIG. 3 shows a schematic diagram of the AC-DC con-
verter circuit wherein the switch 205 shown in FIG. 2 1s
implemented using an enhancement mode MOSFET 301
and the comparator circuit 204 1s realized as a single
common-source amplifier stage also using an enhancement
mode MOSFET 302 characterized by a threshold voltage,
V., and a load resistor 303. Thus, when the output of the
voltage divider network comprising resistors 304 and 303

exceeds the threshold voltage of MOSFET 302, V ., the gate
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of switch 301 1s pulled to ground thereby opeming switch
301. When the output of the voltage divider network 1is
smaller than V - the gate of MOSFET 301 1s connected to 1ts
drain, thereby closing the switch. The AC-DC converter
circuit further includes bipolar transistor 306 and current
sensing resistor 307 to limit the charging current through

MOSFET 301 and diode 207. The regulator function 1s a
conventional series regulator circuit accomplished using
series pass transistor 310 connected to load 311 and biased
by Zener diode 309 which sets the DC output voltage and 1s
biased through resistor 308.

FIG. 4 1s a schematic diagram showing an embodiment of
an optically isolated bidirectional electronic switch circuit
clement. In switching unit 400 Zener diode 402 has a Zener
voltage greater than the threshold voltage of the power
MOSFETs and 1s biased through rectifier diodes 404 and 406
connected at the drain terminals of the power MOSFETs and
protected by current limiting resistors 403 and 405, respec-

tively. Thus, 1n the absence of incident 1llumination resistor-
diode branches 403-404 and 405-406 provide bias for Zener

diode 402 when either of the drain terminals exceeds the
Zener voltage, placing power MOSFETs 407 and 408 1n the
“on” state. When 1lluminated by control circuit LED 412
powered by external DC source 409 through control switch
410 and bias resistor 411, phototransistor 401 shunts the bias
current from branches 403-404 and 405-406 to the source
terminals of the power MOSFETS placing them 1n the “off”
state. In this circuit the turn-on time constant 1s dictated by
the value of the current limiting resistors 403 and 405 and
the gate-to-source capacitance of the power MOSFETs,
while the turn-ofl time constant 1s dictated by the saturation
current of the phototransistor 401 at the i1llumination level
provided by LED 412.

FIG. 35 1s a schematic diagram of the embodiment of FIG.
4 using two switch units 400 1n each arm of the AC supply
to 1mprove the performance of the circuit. In this configu-
ration the four switch umts 400 comprise the electronic
switch 105 shown 1n FIG. 1A. In the preferred embodiment
the power MOSFETs are selected to have one-fourth the

breakdown voltage of the units used 1in FIG. 4. Because of

the relationship between breakdown voltage and “on” resis-
tance of MOSFET devices, the “on” resistance of the
individual switch units can be expected to be reduced by a
factor of 32 and the total “on” resistance of the two switch
units connected 1n series 1s reduced by a factor of 8 relative
to the circuit in FIG. 4. Additionally, the voltage drop across
cach of the switch units 1 the “off” state 1s quartered,
thereby reducing the dV , /dt experienced by each unit by a
factor of four and consequently reducing the “ofl” state
leakage current. Additionally, the inventor has found experi-
mentally that this circuit configuration further improves the
turn-ofl characteristics of the switch devices, further reduc-
ing leakage currents. In this figure control switch 410 1s
replaced with transistor 500 which i1s operated through
control port 501 which together with DC supply 409, resistor
411 and LED 412 comprise the control circuit 108 shown 1n
FIG. 1A. In another embodiment, Transistor 500 1s con-
trolled by an external control voltage applied to control
terminals 501. This allows for the rapid switching of the
LED 1n synchromism with the AC mains waveform through
external control circuitry (not shown) to provide phase
control of the output of the switch. In this embodiment
power to the load 1s reduced upon occurrence of a fault
signal. In another embodiment the control signal 1s a vari-
able DC voltage allowing variable illumination of the LED
thereby allowing the MOSFETs to operate 1n a linear mode.
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In another embodiment the output voltage and power of
the Electronic Switch 1s varied through the control circuit
108. Upon detection of an arc fault, the output voltage can
be reduced to a value that 1s less than a threshold for arcing
yet greater than zero. Such an embodiment allows the load
circuit to continue operation at a reduced voltage while
reducing the chance for a damaging arc. The operation at
reduced voltage also allows for continued characterization
of the load and mains supply circuit to determine the
location of an arc fault for subsequent replacement or repair.

FIG. 6 1s a schematic diagram of an embodiment of the
solid-state circuit mterrupter. AC mains 101 1s connected to
load 106 through bidirectional MOSFET switch unit 103 as
depicted 1n FIG. 5. Low voltage DC power supply 102 as
shown 1n FIG. 3 efliciently provides power for mains voltage
and current sensing circuit 103, the fault detection processor
104 and the bidirectional MOSFET switch control circuit
108. Sense inputs to the fault detection processor 104 are
provided from the voltage and current sensing circuit 103.

il

Current sensing 1s provided using solid-state Hall Eifect
sensors 601 and 602 which provide an output voltage
proportional to the current tlowing through the sensor. The
Hall Effect sensor outputs are fed to the current sense inputs
of the fault detection processor 104. The AC mains voltage
wavetorm 1s full-wave rectified 1n bridge unit 603. (In order
to reduce the number of components 1n the circuit, bridge
603 can be eliminated and the full-wave rectified waveform
obtained directly from the output of bridge 202 in the
AC-DC converter circuit. Bridge 603 1s illustrated here for
clanity.) The full-wave rectified waveform 1s attenuated
using a resistive divider network comprising resistors 604
and 605 and applied to the voltage sense inputs of the fault
detection processor 104. Upon detection of a fault, the Fault
output 107 of the fault detection processor 104 is latched and
fed to the control mput of electronic switch control circuit
108 which provides the optical control signal to the bidi-
rectional MOSFET switch umt 105 which disconnects the
load 106 from the mains 101 until a reset 109 1s applied to
the fault detection processor 104. In another embodiment the
output voltage of the Electronic Switch 1s varied through the
control circuit 108. In this embodiment upon detection of an
arc fTault, the output voltage 1s reduced to a value that 1s less
than a threshold for arcing yet greater than zero. Such an
embodiment allows the load circuit to continue operation at
a reduced voltage while reducing the chance for a damaging
arc. The operation at reduced voltage also allows for con-
tinued characterization of the load and mains supply circuit
to determine the location of an arc fault for subsequent
replacement or repair.

FIG. 7 1s a schematic diagram showing an embodiment of
the Fault Detection Processor. The voltage sense signals are
applied to the mput terminals of a differential amplifier and
the resulting difference signal AV 1s applied to the mput of
an analog-to-digital (A/D) converter 708 within micropro-
cessor 707. Similarly, the current sense 1mputs are summed
in the 1nput circuit 704 of operational amplifier 705 forming
a signal proportional to the sum of the currents X1 1n the line
and neutral legs of the AC mains 101. The 21 signal 15 also
applied to the input of an A/D converter.

The digitized AV signal 1s processed by subprogram 709
within the microprocessor to detect anomalies in the voltage
wavelorm over several cycles that indicate the presence of
an arc fault. One nonlimiting example of such a voltage
anomaly 1s the presence ol excess high frequency energy
impressed upon the normally low frequency AC mains
voltage wavetform.




US 11,342,735 B2

7

The digitized X1 signal 1s processed by subprogram 710
within microprocessor 707 to detect anomalies 1n the current
wavelorms over several cycles that indicate the presence of
an arc fault. One nonlimiting example of such a current
anomaly 1s the occurrence of “shoulders™ (flat spots) 1n the
current wavelform that occur near zero-crossings of the
current waveform. The combined appearance of a voltage
wavelorm anomaly and a current waveform anomaly 1s one
indicator of an arc fault 712.

The current sense signals are also applied to the inputs of
operational amplifier 706 which forms a difference signal Al
proportional to the difference between the currents in the line
and neutral legs. The Al signal 1s digitized and 1s processed
by subprogram 711 which accomplishes a threshold detec-
tion that signals a ground fault 713. Arc fault 712 and ground
fault 713 signals are combined and applied to the input of
latch 714 which stores the fault condition 107 until cleared
by an external reset signal.

FIG. 8 shows a flow chart for nonlimiting examples of the
voltage anomaly detection subprogram 709 and the current
anomaly detection subprogram 710 described above. Upon
starting 800, primary variables are initialized 801 and the
subprocess loops 802 until a first voltage zero crossing 1s
detected. Since the breakdown leading to an arc 1s voltage
driven, any current shoulder (1f one exists) will be time
coincident with a voltage zero crossing. Upon detecting an
initial voltage zero crossing the voltage 8035 and current 803
are both sampled. A shoulder 1s declared to be detected 804
in the current anomaly detection process 710 1if the current
remains below a preset threshold for at least a preset
mimmum duration, t_ . , but not more than a preset maxi-
mum duration, t

, t___. I the current exceeds the threshold
while less than t_ . the process exits the current anomaly
detection subprocess and returns to the start 800 until the
next voltage zero crossing occurs. On the other hand, 11 the
current remains less than the threshold for longer than t_
then the current 1s taken to be “off” and the process returns
to start 800. The voltage anomaly discriminant 1s developed
from the high frequency content of the voltage waveform
805. High pass filtering with zero time lag can be achieved
by differentiating the waveform and accumulating the square
of the resulting diflerential as a measure of the high fre-
quency energy over the measurement period. To form a
threshold against which to compare this total high frequency
energy, the squared differential 1s accumulated separately
during a detected current shoulder (as signaled by the
current anomaly detection subprocess) when there 1s no arc
808, 809. Thus, 1t should represent only the background
noise energy during the shoulder periods. This 1s repeated
over a number (n) of cycles of the voltage wavetorm 806,
807 and if the accumulated noise eventually exceeds a
weilghted average threshold 810 an arc fault 1s declared 811.
Note that since the detection of current shoulders 804 1s
required for the successiul formation of the noise energy
threshold, this fault declaration derives from the combined
presence ol current shoulders and excess voltage noise
energy. In another embodiment the detection of a fault 811,
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causes the control circuit (see FIG. 5) for the switch to
reduce the output power to the load 106. In another embodi-
ment the detection of a fault causes the control circuit to the
switch to reduce the output voltage to the load. In another
embodiment the detection of a fault causes a reduction of a
preselected increment of erther the power or the voltage to
the load and the process of FIG. 8 then cycles back to start
800. The system again 1s tested for a fault and the voltage or
power 1s again incrementally reduced until a fault 811 1s not
detected.

SUMMARY

A novel approach 1s described for the protection of
clectrical circuits from ground faults and parallel and series
arc faults 1n a fully solid-state circuit configuration. Solid-
state circuits are described that provide the key functions of
low-voltage DC power supply, mains voltage and current
sensing, fault detection processing and high voltage elec-
tronic switching.

We claim:

1. A method for protecting a load circuit from an arc fault,
the load circuit having an AC electrical supply, the electrical
supply having a voltage wavetorm, a current waveform and
a power, the method comprising:

a. detecting the presence of substantial subintervals that

occur over a preset measurement time interval wherein
the amplitude of the current waveform 1s less than a
preset value, and

b. calculating the total noise energy contained within the

voltage wavelorm over the preset measurement time
interval and further calculates a threshold energy value
from the noise energy contained within the voltage
wavelorm during the subintervals wherein the ampli-
tude of the current waveform is less than the preset
value, and

c. signaling an arc fault if the sum of the subintervals

wherein the amplitude of the current waveform is less
than the preset value obtained over the preset measure-
ment time interval falls within a preset range of time
interval values and the total noise energy contained
within the voltage waveform exceeds the calculated
threshold energy value, and,

d. reducing the AC electric supply power to the load

circuit upon detection of an arc fault.

2. The method of claim 1 wherein reducing the AC
clectric supply power includes turning off the power to the
load circuit.

3. The method of claim 1 wherein reducing the AC
clectric supply power includes reducing the power to a
non-zero value.

4. The method of claim 1 wherein reducing the AC
clectric supply power includes incrementally reducing the
AC electric supply power until an arc fault 1s not detected.
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